We investigated the roles of Salmonella pathogenicity island 2 (SPI-2) and two SPI-2 effectors in Salmonella colitis and diarrhea in genetically resistant BALB/c.D2
S
almonella enterica infections are a worldwide health problem that is common in both developing countries and industrialized nations. As a consequence of the increased globalization and industrialization of food production, large populations are vulnerable to food-borne Salmonella outbreaks arising from both point sources of contamination and contaminated foods that are sometimes distributed over great distances, even across continents (35, 38, 53) . Salmonella infections in the United States are estimated to cost over $1.4 billion/year, and costs are likely to increase, with larger outbreaks leading to expensive recalls and expensive litigation, as evidenced in the recent peanut butter contamination episode (45) .
Salmonella strains produce three distinct clinical syndromes in people: gastroenteritis, sepsis with or without metastatic infections, and typhoid (enteric) fever (15) . Salmonella enterica subsp. enterica strains are genetically diverse, with over 2,000 serovars based on variations in the structures of the O and H antigens. Extensive work in the Salmonella pathogenesis field has shown that serovars differ in their repertoire of virulence genes and in their pathogenic potential. Only S. enterica serovar Typhi and a few S. enterica serovar Paratyphi strains can cause typhoid fever. Similarly, only a few serovars cause sepsis and/or metastatic infections, and the ones that do generally carry large plasmids that carry the salmonella plasmid virulence (spv) operon (19) . In contrast, gastroenteritis is caused by a large number of serovars that characteristically lack spv genes (57), as well as two serovars (S. enterica serovars Enteritidis and Typhimurium) that may or may not carry virulence plasmids.
Despite the high incidence of gastroenteritis caused by nontyphoid Salmonella infections, very little is known of the pathogenesis and mechanisms of diarrhea in this disease. The central problem for the study of Salmonella gastroenteritis has been the lack of a small animal model that reproduces the intestinal disease. Murine infections with Salmonella are a very powerful tool for elucidating the pathogenesis of systemic nontyphoid Salmonella infections. However, oral infection of mice does not produce diarrhea or gut pathology consistent with the pathology of Salmonella gastroenteritis in people, even if the mice carry a G169D mutation of Nramp1 (Slc11a1) or a mutation of Toll-like receptor 4 (TLR4). Even though Salmonella strains are able to infect polarized intestinal epithelial cells in vitro, S. enterica in mice appears to enter preferentially through M cells into Peyer's patches or through uptake and dissemination by CD18-positive cells in the small intestine (29, 54) .
Much of the virulence of Salmonella is due to horizontally acquired genes, including several so-called Salmonella pathogenicity islands (SPI) that are inserted into the chromosome (36) , as well as accessory genetic elements such as lysogenic phages and large plasmids. The roles of SPI-1, SPI-2, and the spv locus in the pathogenesis of gastroenteritis have been investigated in a calf enteritis model. S. Typhimurium and S. Dublin produce an acute enteritis in calves (the natural host of S. Dublin) that models severe intestinal salmonellosis in humans (58) . Unfortunately, there are many limitations of this model: it is expensive, so only small numbers of animals can be studied; large inocula are often used to ensure disease in all of the animals; and the extensive genetic resources and immunologic reagents available for studying mice are not available for bovines. For technical and financial reasons, investigators have made and then infected multiple intestinal blind loops in calves, which allows several mutants to be tested in a single animal. This method also facilitates measurements of fluid accumulation, acute inflammation, and bacterial invasion in the loops. This allows one to study several mutant bacteria in a single animal, but there are potential artifacts in this system due to loss of intestinal motility in the blind loops, and the experiments are necessarily brief. Overall, studies in these calf models have established the primary importance of the SPI-1 type 3 secretion system (TTSS) and the secreted effectors SipA, SopA, SopB, SopD, SopE2, and SopE (in isolates that carry sopE) (58) in bovine intestinal disease (24) . Limited studies on SPI-2 seem to indicate that it plays a lesser role than that of SPI-1 in these acute models of intestinal inflammation and fluid loss (51) . The role of the spv locus in calf intestinal disease appears to be serovar and strain dependent (34, 51) .
A mouse model of Salmonella colitis was developed 50 years ago by Bohnhoff et al., who used oral streptomycin pretreatment to alter the normal intestinal flora, which facilitated Salmonella infection of the colon (6) . Recently, Hardt and colleagues revived this model in the context of contemporary knowledge of Salmonella pathogenesis (2). Streptomycin-pretreated BALB/c and C57BL/6 mice (both are Nramp1 D169 mutants) develop acute inflammation of the cecum 24 to 48 h after oral infection with S. Typhimurium or S. Enteritidis (50) . The ceca of these mice are shrunken and show acute inflammatory changes, with cellular infiltrates in the mucosa and submucosa, submucosal edema, loss of mucus-secreting cells, and epithelial ulceration. Changes in the proximal colon are milder, indicating that this infection is primarily a model of cecal inflammation, or typhlitis, rather than colitis. In this model, diarrhea is not pronounced (2), possibly because Nramp1 mutant mice die from systemic Salmonella infection in 3 to 5 days. However, the model does facilitate the study of the pathogenesis of cecal inflammation through the use of Salmonella virulence mutants and mice with mutations in various host response pathways. These studies have shown that the SPI-1 TTSS is required to produce cecal inflammation but is not needed for systemic dissemination to mesenteric lymph nodes or the spleen (6, 26) . The roles of individual effectors have been more difficult to establish, but SipA, SopE, and SopE2 contribute to cecal disease. SopB does not have an effect in this model (23) . Bacterial chemotaxis and motility enhance early induction of cecal disease, but this effect disappears at 48 h (47). Recently, TLR5 was shown to have a role in preserving epithelial integrity and decreasing cecal pathology in the streptomycin pretreatment model (55) . Interestingly, in 129Sv mice, S. Typhimurium caused earlier and more severe inflammation than that in an isogenic Nramp1 D169 mutant of 129Sv, even though the former could better control the growth of the pathogen (52). Diarrhea was not examined in that study.
SPI-2 is also required for full virulence in Nramp1 mutant mice with typhlitis, with effects being more evident 3 to 5 days following infection (11, 13, 26) . After 3 days of infection, SPI-1-dependent inflammation is not affected by the absence of MyD88 in the host, but SPI-2-dependent disease is markedly reduced in MyD88-deficient mice (26) . As anticipated, SPI-1 mutant bacteria are not found in epithelial cells, and SPI-1 and SPI-2 mutant bacteria in the lamina propria appear to be inside different inflammatory cell populations. The results of these studies indicate that both SPI-1 and SPI-2 are required for production of inflammatory cecal disease at 3 to 4 days and that SPI-1 directs bacteria into epithelial cells and induces MyD88-independent inflammation, largely confirming earlier findings with cultured epithelial cells (59) . In contrast, Salmonella with a SPI-1 mutation may pass through the colonic epithelium by the CD18 cell-dependent mechanism described by Vazquez-Torres and coworkers (54) and can then interact with macrophages, dendritic cells, and mesenchymal cells to induce proinflammatory cytokines through well-described TLR/ MyD88-mediated pathways. However, this process is not passive and requires the function of SPI-2 to promote intracellular infection (26) . SPI-2 is also required for S. Typhimurium to transit through cecal epithelial cells to enter the lamina propria, where it is taken up by local phagocytic cells (39) .
We modified the model of Salmonella colitis by using BALB/ c.D2
Slc11a1 congenic mice (Nramp1 wild type [WT]) in order to facilitate analysis of both the pathophysiology of gastroenteritis and the roles of specific components of the host response (56) . We found that the mice developed severe diarrhea and progressive, fatal pan-colitis after infection with S. Typhimurium and that an invA mutant lacking SPI-1 function infected the mice but did not cause diarrhea. In the present study, we analyzed the virulence of an ssaV (SPI-2) mutant and the roles of two SPI-2 effectors in the pathogenesis of diarrhea.
MATERIALS AND METHODS
Mice. Female BALB/c.D2 mice between 8 and 10 weeks of age and congenic for the wild-type Nramp1 allele from DBA/2 mice (42) were used in all experiments. They were raised under specific-pathogen-free (SPF) conditions in our animal facility. Mice were pretreated by gavage with kanamycin (Kan) (20 mg dissolved in 0.2 ml of water) before being infected by gavage at various times after antibiotic treatment.
Bacteria and infection. S. enterica serovar Typhimurium 14028s was our WT strain. It was made Kan resistant by insertion of a kanamycin resistance cassette into a genetically silent region just distal to the spv locus on the virulence plasmid. This mutation has no effect on virulence, as previously described (20) . All mutations were transduced into a single 14028s lineage by use of P22 phage. Salmonella SPI-1, SPI-2, and spv mutants have been described previously (9) .
All strains were grown overnight in Trypticase soy broth (TSB) and then washed twice in sterile saline before being resuspended to approximately 5 ϫ 10 8 CFU/ml. They were further diluted in 0.1 M NaHCO 3 , and ϳ3,000 CFU (except for the invA ssaV double mutant, which required a higher inoculum as described below) was administered by gavage with a blunt-tipped feeding needle. Mice were kept nil per os (NPO) for 4 h prior to being infected. All experiments were approved by the institutional animal research committee. To induce a systemic infection with the WT strain, we grew the bacteria in the same way but diluted the culture in sterile saline to contain 6,500 CFU/ml and injected 0.1 ml into the peritoneal cavity in the same strain of BALB/c.D2 congenic mice that we used for the colitis experiments. Mice were weighed before infection and 7 days later, on the day of sacrifice. Spleens were removed and processed as described in the section on necropsy.
Fecal water. To obtain feces, we held mice vertically for up to 3 min until they spontaneously defecated. If they did not, we allowed them to move around in a container until they defecated, waiting for up to 10 min. Mice with severe diarrhea did not defecate under those conditions, so at necropsy we identified the distal 3 cm of the colon and expressed and processed the luminal contents as done for the defecated feces. We measured the water content of those intestinal contents by use of a modification of the method described by Guttman et al. (21) . Feces were placed in preweighed microcentrifuge tubes, and the tubes were reweighed before they were placed in a SpeedVac (Savant, Hicksville, NY). The next day, when the contents were dry, we reweighed the tubes to calculate the fecal water content (percentage by weight).
Necropsy. After sacrifice, we removed the mesenteric lymph nodes, spleen, and colon under sterile conditions. The proximal half of the cecum was removed for culture; cecal contents were washed out of the lumen, and the tissue was placed in a solution of 20 g/ml of gentamicin in RPMI medium for 30 min at room temperature and then rinsed in saline before being homogenized. Each tissue sample was placed in 1 ml of sterile saline and homogenized using a TissueLyser II instrument (Qiagen, Germantown, MD). Serial dilutions of the homogenate were made in saline and plated in duplicate on Trypticase soy agar (TSA) containing 20 g/ml of Kan, except that ceca and feces were cultured on Hektoen enteric agar containing 20 g/ml Kan. Cultures were incubated overnight at 37°C, and then colonies were counted. Black colonies on Hektoen enteric agar containing Kan were assumed to be Salmonella. The lower limit of sensitivity of the culture was 5 CFU/ml.
After the proximal half of the cecum was removed for culture and the ileum was cut away from the colon, we perfused the colon lumen with 4% paraformaldehyde. The colon was coiled and fixed in paraformaldehyde overnight. Fixed tissue was embedded in paraffin, cut into 5-m-thick sections, and stained with hematoxylin and eosin (H&E).
Pathology score. To quantify the severity of the pathology, we used a slight modification of the scoring system devised by Coburn et al. (11), adding one point for blood in the lumen. We graded the pathology in 3 segments of the colon: the cecum, the midpoint, and the end (assumed to be the rectum). Each segment in each mouse was scored separately. The maximum number of points in this scoring system is 26. The slides were coded and read by one investigator for consistency.
Isolation and infection of murine macrophages. Murine bone marrow-derived macrophages were isolated and differentiated using supplementation with mouse L cell-conditioned medium as described previously (40) . After 5 to 7 days of growth and differentiation, macrophages were seeded into 24-well plates at a density of 5 ϫ 10 5 cells/well and cultured overnight in Dulbecco's modified Eagle's medium (DMEM) supplemented with glutamine, pyruvate, 10% fetal calf serum (FCS), and 10 ng/ml murine macrophage colony-stimulating factor (M-CSF) (complete DMEM). Salmonella strains used for infection (14028s, the sifA mutant, and the ssaV mutant) were grown to mid-exponential phase with vigorous shaking in low-phosphate and -magnesium (LPM) medium to induce the SPI-2 TTSS (12). Bacteria were harvested, washed once in Dulbecco's phosphate-buffered saline (DPBS) containing Ca 2ϩ and Mg 2ϩ , and then opsonized for 20 min at 37°C in 50% (vol/vol) fresh heparinized mouse plasma. Bacteria were added to macrophages at a 1:1 ratio, and the culture plate was immediately spun at 500 ϫ g for 5 min. Following incubation at 37°C in 5% CO 2 for 1 h, the culture medium was replaced with medium containing gentamicin at 100 g/ml. After another hour, the cells were washed with DMEM and then incubated in complete DMEM containing gentamicin at 10 g/ml. For the time point designated "0 h," the medium was immediately aspirated after the addition of the lower gentamicin concentration; the cells were lysed with 0.5% deoxycholate in DPBS, and the number of viable intracellular bacteria was determined by serial dilution and plating on LB agar. A duplicate plate was incubated for 16 h following replacement with the medium containing the lower gentamicin concentration and then harvested in a similar manner. Where indicated, tumor necrosis factor alpha (TNF-␣; PeproTech) was added to the cells at 10 ng/ml 24 h before infection.
Statistics. Statistical analyses were performed using GraphPad Prism for Windows, version 5.00 (GraphPad Software, San Diego, CA). When we compared multiple mutants to a control, we used one-way analysis of variance (ANOVA) with Dunnett's posttest correction.
RESULTS
We first administered oral Kan to mice and then measured fecal water contents for the next 5 days (Fig. 1 ). Although all mice had normal-looking, formed stools, the percentage of fecal water was 28% higher than baseline for the first 2 days after Kan treatment, but by day 4 the water content was back to baseline, and in uninfected mice it remained at baseline thereafter. (We found that oral streptomycin had an even greater effect on fecal water content, which is why we used kanamycin.) There was no visible pathology in H&E-stained sections of the colon to account for this temporary increase in fecal water content. Although the baseline water content was already elevated when the mice were infected 48 h after a dose of Kan, infection further increased the fecal water content as soon as 24 h after infection, and the difference was maintained or increased for the first 48 h after infection (Fig. 1) . This result shows that despite the change in intestinal physiology provoked by oral Kan, we could still detect an effect of Salmonella infection on intestinal water excretion. It also shows that the Kan effect on water absorption in the colon was transient.
In subsequent experiments, we measured fecal water content beginning 3 days after infection, after the Kan effect had dissipated. Figure 2A shows the mean percentages of water in feces 3 and 7 days after infection by the WT and various mutants of 14028s (for simplicity, we do not show results for intervening days, but the percentage of water increased gradually over time). The control for infected mice on day 3 after infection was uninfected mice 5 days after Kan treatment, which were essentially equivalent to healthy untreated mice. As shown in Fig. 2A , 3 days after infection with WT S. Typhimurium, the fecal water content increased from 55% to 71%. At this time point, there was no significant difference between the WT and the ssaV mutant or either of the SPI-2 effector mutants. By day 7, most of the WTinfected mice had feces caked on their perirectal fur, and the fecal water content had increased to 79%, which was almost certainly an underestimate, as the mice with the most severe colitis had no fecal material to analyze in their distal colons. In contrast, the water content from ssaV mutant infections did not increase over this period (67% on both days). A great deal is known about the roles of various SPI-1 effectors in gastroenteritis (23, 59 ), but relatively little is known about which SPI-2 effectors are important in the colitis model (25) . SifA and the spv-encoded effector SpvB are SPI-2 effectors that have major effects on virulence in mouse models of systemic Salmonella infections. However, mutants lacking these effectors caused diarrhea, and there was no significant difference between the fecal water contents of WT-infected mice and mice infected with the spvR (eliminates all spv gene expression), sifA, or spvB sifA mutant. Only the invA ssaV double mutant was unable to cause diarrhea, even though the mice were infected with 10 8 CFU (we were unable to establish an infection with our standard dose of 3 ϫ 10 3 or with the higher dose of 3 ϫ 10 4 CFU). The results for those mice are paired with the results for the mice receiving kanamycin alone for the first 2 days after infection. The difference in fecal water content of infected compared to kanamycin-treated control mice was also statistically significant for the 2 days after infection (***, P Ͻ 0.001; unpaired t test with Welch's correction).
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We expected diarrhea to lead to weight loss, and WT-infected mice lost nearly 1/3 of their body weight by day 7 of infection, whereas infections with the ssaV mutant and the invA ssaV double mutant did not cause weight loss (Fig. 2B) . The WT infection also caused a more severe systemic infection than that caused by the ssaV mutant, and it is likely that some of the difference in weight loss could be attributed to the difference in severity of systemic infection. To estimate how much of the weight loss was due to systemic infection or resulted from the diarrhea, we infected the mice intraperitoneally (i.p.) with 650 CFU of the WT strain and sacrificed them 7 days later. They had nearly exactly the same number of CFU/spleen as did the orally infected mice, but they lost an average of only 2 g of weight. This suggests that most of the weight loss was indeed due to the diarrhea, but it is very likely that the systemic infection contributed to the inability of the WT-infected mice to keep themselves hydrated by drinking. This was further supported by the case for sifA spvB mutant-infected mice, which had diarrhea equivalent to that of WT-infected mice but only ϳ1% of the number of CFU in the spleen and lost less weight than WT-infected mice (Fig. 3) . In contrast, the severe weight loss caused by spvR mutant infection was probably caused by a combination of colitis and a substantial systemic infection similar to WT infection.
Since there is likely a correlation between the invasiveness of the mutants and the severity of the diarrhea they induce, we compared the infectivities of the WT strain and the ssaV and SPI-2 effector mutants after oral infection and assessed the amounts of colon pathology they caused. The infection begins in the cecum, so we determined the numbers of Salmonella organisms that invaded the proximal half of the cecum (defined as the bacteria not killed by gentamicin). As shown in Fig. 3 , 3 days after infection there was an average of ϳ10 6 CFU of the WT or the ssaV mutant in the cecum, and there was no significant difference between the two strains. This is consistent with the similar increases in fecal water content caused by those strains on day 3 ( Fig. 2A) . The number of ssaV mutant bacteria in mesenteric lymph nodes was slightly but statistically significantly lower than that of WT bacteria at that time. The number of sifA mutant bacteria was also significantly lower in the mesenteric lymph nodes, and the invA ssaV mutant did not infect the nodes. Only a small number of WT bacteria (geometric mean, Ͻ200 CFU) reached the spleens of these genetically resistant mice by day 3, and none of the mutants were significantly different from the WT except for the invA ssaV double mutant, which did not infect the spleen. On day 7 postinfection, the counts of WT S. Typhimurium were more than a log higher than those of the ssaV mutants in the cecum, 2 log higher in the mesenteric lymph nodes, and 4 log higher in the spleen, consistent with impaired virulence of the ssaV mutants both locally and systemically (4, 49) , even in mice with functional Nramp1. The ssaV invA double mutant was essentially unable to infect the cecum until we increased the inoculum 10,000-fold, and even then the counts in the cecum were 4 log lower than those of either the WT or ssaV mutant strain, and the ssaV invA mutant infection was essentially eradicated from the cecum by day 7, as there was no growth from half of the mice and none of the others had counts reaching Ͻ10 3 CFU (Fig. 3) . The inability of the invA ssaV double mutant to infect the colon shows that there is at least an additive effect of SPI-1 and SPI-2 in this model. The sifA and sifA spvB mutants were also recovered in smaller numbers from the mesenteric lymph nodes and spleens, but the numbers were not as low as those of the ssaV mutant. Since these strains caused severe colitis (Fig. 4 and 5 ) and were present in large numbers in the cecum, this shows that they were more impaired in the ability to grow in the spleen than in the intestine.
One measure of the severity of colitis is the length of the colon, which is inversely proportional to the severity of colitis. We measured colon lengths on day 7 after infection. As shown in Fig. 4 , WT infection resulted in marked shortening of the colon, while infection with the ssaV mutant did not. The spvB sifA mutant also caused significant shortening of the colon, providing further evidence that the two important SPI-2 effectors encoded by these genes are not necessary for S. Typhimurium to cause colitis.
We also compared the severities of colitis caused by the various mutants by scoring the histopathological changes induced by the infections (Fig. 5) . Because we were concerned with damage to the whole colon rather than only to the cecum, we applied a scoring system (11) to three parts of the colon: cecum, midcolon, and rectum. WT S. Typhimurium caused the most damage in the cecum, but there was substantial pathology throughout the colon, as indicated by scores of Ͼ15 for most mice in that group. This scoring system gives much weight to the presence of polymorphonuclear leukocytes (PMN) in tissues and the lumen, but by day 7 after infection the predominant inflammatory cells in the submucosa were macrophages, so the scores are lower than might be expected if we had evaluated the mice earlier in the infection. There was mucosal ulceration as well as sloughed epithelial cells throughout the colons of WT-infected mice. Note that while submucosal edema and mucosal infiltrates nearly always occurred together in the cecum, there was little or no submucosal edema in the more distal parts of the colon, despite extensive mucosal inflammatory cell infiltration. Infection with the WT resulted in damage throughout the colon, and there was also evidence of repair, including inflammatory pseudopolyps (Fig. 6A) . In comparison, the ssaV mutant caused only a small amount of damage in the cecum in 3/5 mice, with essentially no damage in the more distal parts of the colon. The pathological scores for the three mutants were not significantly different from WT scores.
It is difficult to compare our results directly to those of Hapfelmeier et al. (26) because we used a different scoring system to measure the pathological changes and scored the mice 7 days rather than 4 days after infection. However, we are in agreement that a SPI-2 mutant caused significantly less pathology than the WT in the mouse colitis model.
We show examples of the pathology in the rectum to emphasize that WT infection produced a pan-colitis ( Fig. 6B and C) . The changes produced by the sifA mutant were similar to those induced by the WT (Fig. 6C) . The ssaV mutant caused essentially no pathology in the rectum, other than small areas of focal mixed mononuclear and PMN infiltrates (Fig. 6D) .
Macrophage sensitivity of the sifA mutant. The results obtained with our colitis model indicated that sifA was not required to produce diarrhea during Salmonella enteritis. In mouse models of systemic infection, sifA mutants are significantly attenuated, and they are also less able to spread to and/or grow in the spleen in this colitis model. SifA has long been recognized as a major virulence effector of the SPI-2 TTSS (37, 49) . In cell culture, sifA mutants are associated with an unstable Salmonella-containing vacuole (SCV) and tend to be released into the cytoplasm, at least in epithelial cells (4) . In these cells, they show an enhanced rate of intracellular growth. However, in macrophages, sifA mutants survive poorly compared to wild-type strains (5, 10). These observations help to substantiate the established paradigm that macrophage survival is essential for Salmonella virulence in systemic infection (14) . Since we did not find that sifA was required to produce colitis, we considered the possibility that macrophages from wild-type BALB/c.D2
Slc11a1 -congenic mice were equally bactericidal for WT and sifA mutant Salmonella. In order to test this possibility, we performed a macrophage survival assay to compare the sifA mutant to WT 14028s and the ssaV mutant as controls. Resting and TNF-activated bone marrow-derived macrophages from BALB/c.D2
Slc11a1 -congenic mice were infected with the Salmonella strains, and bacterial survival 16 h after inoculation was determined and compared to that at the initial time point. As shown in Fig. 7 , both the sifA and ssaV mutants showed decreased The pathological scores were determined as described in Materials and Methods. Each column shows data for a single mouse. The rectum was assumed to be the most distal segment of the colon on the slide. The midportion was the closest area to one full turn beyond the cecum and was cut so at least some of the crypts were displayed longitudinally. The mean of the composite scores for the mutant salmonellae in each of the three segments was determined and compared to the mean of the WT infection scores (ANOVA with Dunnett's posttest modification). The ssaV pathology scores were all very much lower than the WT scores. The double mutant (spvB sifA) had a slightly lower score than the WT in the midsection of the colon (***, P Ͻ 0.001; *, P Ͻ 0.05).
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October 2012 Volume 80 Number 10 iai.asm.org 3365 survival in nonactivated macrophages at 16 h compared to that of wild-type bacteria. Activation of macrophages with TNF resulted in a further decrease in survival of both the sifA and ssaV mutants relative to the wild type. These results indicate that even in macrophages from wild-type Nramp1-carrying mice, a sifA mutant is more susceptible to macrophage killing than WT Salmonella, and a sifA mutant is as susceptible to macrophage killing as an ssaV mutant.
DISCUSSION
The hallmark of Salmonella enteritis in people is diarrhea, yet this key clinical manifestation has generally not been amenable for study in the mouse model of oral infection. We previously described a new model for the study of Salmonella-induced colitis and diarrhea that reproduces many of the salient features of the disease found in humans and susceptible animals (55) . Diarrhea can be defined either as an increase in the number of bowel movements/day over the norm for an individual or as an increase in the water content of the stools. Since it is not feasible to count the number of times/day that mice defecate, we measured the water content of their feces as a metric for the severity of diarrhea. We made two changes in the standard mouse model of Salmonella colitis that enabled us to study diarrhea: we pretreated mice with kanamycin rather than streptomycin, and we infected BALB/ c.D2 Slc11a1 congenic mice that are genetically resistant to S. enterica infections because they express a functional Nramp1 protein (56) . We used Kan rather than streptomycin because the former had a smaller effect on fecal water content (not shown). By using mice that have a functional Nramp1 protein, we were able to observe the infection for a week, long enough for the mice to develop frank diarrhea. Although the mice died from the infection, it was not primarily because of the systemic spread of the infection but rather from the severe pan-colitis that they developed. It is possible that the mice we used also developed more inflammation than would have been seen in Nramp1 mutant strains (52) , but the latter do not survive long enough after infection with WT Salmonella to make that comparison. We also used a much smaller inoculum to infect the mice, but we do not know if that affected the extent or timing of the pathology, because by 24 h after infection WT Salmonella had already proliferated to Ͼ10 8 CFU/g of feces, and that number did not change significantly during the course of the infection (not shown).
One drawback of this model for the study of Salmonella-induced diarrhea was that an oral dose of Kan itself caused a measurable increase in fecal water content that persisted for 2 to 3 days. Despite that, we were able to show that infection with WT Salmonella caused a further increase in fecal water. Using this model, we previously reported (56) that mice infected with WT S. Typhimurium 14028s have severe typhlitis by 48 h after infection but that the increase in the fecal water content is not greater than background until 3 days after infection, perhaps because the baseline water content is already elevated above normal by the Kan pretreatment. From day 3 to day 7 after WT infection, the fecal water content increased further, until by the fifth or sixth day of infection mice had frankly watery diarrhea. The development of colitis and frank diarrhea and the systemic spread of the infection resulted in a 25 to 30% loss of weight by day 7 after WT infection, at which time we terminated the experiment. By then, WT Salmonella had caused a pan-colitis with submucosal edema, inflammatory cell infiltration, and ulcerations throughout the colon. Another indication of the severity of the colitis was the 30% shortening of the colons.
Stecher et al. recently reported that S. Typhimurium infection in streptomycin-treated 129Sv/Ev (Slc11a1 G169 ) mice leads to chronic cecal and colonic inflammation and to biliary disease with cholangitis that appears after 14 days of infection (48) . They also found that DBA/2 mice, which also have wildtype Nramp1, have more severe colitis than 129 mice and that the former have more systemic spread of infection and do not survive beyond 7 to 10 days. It is not clear why 129 mice have milder colitis than DBA/2, BALB/c.D2
Slc11a1 congenic (18) , or C57BL/6 Slc11a1 (J. Fierer, unpublished observation) transgenic mice, but it was recently discovered that 129 mice have a spontaneous mutation in caspase 11, which reduces interleukin-1␣ (IL-1␣) and IL-1␤ secretion by bone marrow-derived macrophages that have ingested Gram-negative bacteria (31) . This mutation would be expected to reduce inflammation after Salmonella infection (17) , but the role of caspase 11 in colitis has not yet been studied.
We found that an ssaV (SPI-2) mutant also caused a typhlitis by day 3 after infection, as well as an increase in fecal water, that was not significantly different from that caused by WT infection. In contrast to WT infection, the diarrhea caused by the ssaV mutant strain did not worsen between days 3 and 7, and the mice infected with the ssaV mutant continued to have formed feces throughout the experiment. On day 3 postinfection, inflammation caused by ssaV mutant bacteria was largely confined to the cecum, although there were scattered foci of inflammation in the more proximal colon (not shown), as we reported previously for an invA mutant (56) . In keeping with the pathology, there was no significant difference between the numbers of WT and mutant Salmonella bacteria recovered from cecal tissue on day 3 after infection. However, between days 3 and 7 after infection, there was a 10-fold increase in the number of WT Salmonella organisms in the cecum but no significant increase in the numbers of ssaV mutant bacteria, and the inflammation score was much lower in ssaV mutant infections than in WT infections (Fig. 5 ). Mice infected with the ssaV mutant lost little, if any, weight over the course of the infection and did not have significantly shortened colons, further evidence that this strain did not produce pan-colitis. Thus, it appears that the ssaV mutant is able to infect and inflame the cecum but not the rest of the colon in these genetically resistant mice, and as a result the diarrhea induced is much milder. An invA ssaV double mutant was almost unable to infect the colon, caused no pathology, and did not cause diarrhea. This implies that acquisition of both SPI-1 and SPI-2 is necessary for S. enterica to be a successful enteric pathogen. This conclusion is consistent with human epidemiological studies, as nearly every clinical isolate of S. enterica from patients with gastroenteritis that has been studied has both SPI-1 and SPI-2, with the exception of one outbreak due to a strain of S. enterica that lacked SPI-1 (27) . How the two type 3 secretion systems and their effectors interact in vivo has not been established, but there is evidence that SipA, a SPI-1 effector, cooperates with SifA, a SPI-2 effector, to form and move SCVs toward a perinuclear position, which is adventitious to intracellular replication of Salmonella (8) . However, we found that SifA is not required to produce colitis or diarrhea. This finding casts doubt on the relevance of SifA for the infection of epithelial cells during Salmonella enteritis (8) .
Cecal inflammation caused by a SPI-1 but not a SPI-2 mutant of S. Typhimurium is abrogated in MyD88 knockout mice (26) , so it appears that the mechanisms of inflammation and perhaps diarrhea are different in the two mutants. We were unable to test the role of MyD88 in our model because the mutation is on a C57BL/6 background. However, we did show that a mutant expressing only SPI-2 did not cause frank diarrhea, even though it was significantly more virulent in systemic tissues than a mutant expressing only SPI-1 (56), as measured by the numbers of CFU in mesenteric lymph nodes and the spleen. Our results were largely in accord with those of Hapfelmeier et al. showing that SPI-1 and SPI-2 mutants can infect the cecum (26) but that the SPI-2 mutant is Slc11a1 congenic mice as described in Materials and Methods. There was no significant difference in the numbers of WT and ssaV and sifA mutant bacteria ingested by the macrophages. After 16 h of incubation, the survival of the two mutant strains was significantly less than the survival of WT Salmonella in both untreated cells and cells that were activated by pretreatment with TNF-␣. The activated macrophages were bactericidal for all three strains. impaired in the ability to survive in mesenteric lymph nodes and the spleen.
There is relatively little known about the roles of the more than 20 SPI-2 effectors in the pathogenesis of gastroenteritis (28) . We tested the ability of sifA and spv mutants to cause diarrhea, since the sifA and spv genes have been shown to greatly affect the course of systemic infections (7, 43) , and we found that neither effector was required to produce diarrhea or colitis in this model. SifA interacts with host kinesin and is required for endosomal tubulation and the formation of Salmonella-induced filaments (Sifs), which are filamentous structures within infected epithelial cells that contain lysosomal membrane glycoproteins (32) , and it stabilizes the modified phagosome in macrophages, termed the "Salmonella-containing vacuole" (SCV), where the ingested Salmonella organisms replicate (8) . SifA also interacts directly with the host GTPase RhoA, and its C-terminal part has a fold similar to that of a guanine nucleotide exchange factor (41) .
We confirmed that both ssaV and sifA mutants are susceptible to killing by both nonactivated and TNF-␣-activated macrophages. Nevertheless, the SifA strain caused colitis and the SsaV strain did not. This implies either that macrophage survival is not required for Salmonella to produce enteritis and diarrhea in BALB/c.D2 congenic mice or that the intestinal macrophages of these mice are not able to kill a sifA mutant, whereas bone marrow-derived macrophages are bactericidal to the mutant. Intestinal macrophages are quite varied as assessed by surface antigens, and they are downregulated for secretion of proinflammatory cytokines (1). However, it has been reported that human intestinal macrophages are both phagocytic and bactericidal for S. Typhimurium LT2L (46) .
Since the ssaV mutant lacking secretion of all SPI-2 effectors survived less well than WT Salmonella in the cecum (Fig. 3) and the growth of both the sifA mutant and the spvB sifA double mutant was not significantly different from WT growth, there must be other SPI-2 effectors that specifically promote survival inside intestinal macrophages. Furthermore, continued growth of the sifA mutant in epithelial cells may provide a reservoir of bacteria promoting epithelial cell death and continued inflammatory stimuli even after activated macrophages migrate into the intestine. Cell culture studies have shown that SPI-2 TTSS mutants neither grow nor induce cell death in intestinal epithelial cells (19) .
SpvB is an ADP-ribosylating toxin expressed within the SCV and translocated by SPI-2 into the cytoplasm, where it depolymerizes F actin and causes macrophage apoptosis (9, 33) . SpvB is encoded by a gene that is part of the spv operon that we inactivated directly by a deletion and indirectly by making a mutation in spvR, which abrogates expression of all genes in the operon (19) . Käp-peli et al. recently reported that neither a spvB nor a spvC mutation in WT S. Typhimurium decreased the amount of inflammatory damage produced 12 h after infection (30) . However, when those mutations were made in an invG (SPI-2) mutant, the result was less inflammation in the cecum 3 days after infection than that with the invG mutant alone, but not lower bacterial counts in the cecum. Käppeli et al. postulated that the spv genes are needed only in the invasive phase of colonic infection, not in conjunction with the early phase of infection that they attributed to SPI-1. We also found that an spvR mutant grew as well as the WT in the cecum and caused severe pathology throughout the colon 7 days after infection. Inflammation in the proximal colon was not significantly different from that induced by the WT 3 days after infection (not shown), and the increase in water content was not significantly different from that with the WT. We did not test this mutant in a strain that was also a SPI-1 mutant, so we cannot directly compare our results to those of Käppeli et al. However, since the spvR mutant caused as much diarrhea and colon pathology as the WT, our data suggest that spv genes are not needed for induction of colitis. Although spv genes are needed for optimal replication of S. enterica in reticuloendothelial system (RES) organs, as shown by Käppeli et al., in these experiments the spv mutants were not very impaired in growth in spleens. The failure to show statistical significance may have been due to the relatively small number of animals (4) in the spvR group, but mutation of sifA clearly had a larger effect on virulence in the WT strain.
The lack of a role for spv genes in this mouse model of colitis is consistent with human epidemiological data. Many serovars that cause human gastroenteritis never carry virulence plasmids (44) , and even individual stool isolates of S. Typhimurium and S. Enteritidis, serovars that are associated with virulence plasmids, may not carry a virulence plasmid (16) . It is still possible that strains with virulence plasmids cause more severe gastroenteritis than strains lacking a virulence plasmid, but that has not been determined for humans. A recent study of acute cecal inflammation in the streptomycin-treated mouse model reported that SpvC appeared to downregulate the inflammatory response 1 day after Salmonella infection, but this effect was not found at later times (22) . Our results with the spvR mutant demonstrate that none of the spv gene products affect diarrhea or colonic disease in our mouse model, though we did not study the mice 1 day after infection. The significance of a transient effect of SpvC on cecal inflammation is unclear.
We postulate that there may be two different mechanisms for diarrhea during Salmonella colitis. The initial increase in fecal water that was first observed 3 days after infection, at a time when inflammation was largely but not entirely confined to the cecum, may have been due to direct or indirect effects of Salmonella on the absorptive function of epithelial cells. Bertelsen et al. showed that Salmonella infection causes an increase in salt and water secretion by the small intestinal epithelium that is mediated by Cox-2 in a human xenograft model of gastroenteritis (3); in the colon, the corollary function is water absorption. Infection with WT Salmonella caused diffuse damage to the epithelium at later times, and then the mice developed frank dysentery. At this stage, there may have been water loss via paracellular channels and/or a shorter transit time, with less water reabsorption as a consequence. The early stage did not require SPI-2, but the later process required both SPI-1 and SPI-2. Our negative results with the sifA and spv mutants demonstrate that Salmonella diarrhea and colitis differ from systemic Salmonella infection in their requirements for two key SPI-2 virulence effectors.
